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Mycorrhizae 


Mycorrhizae literally means fungus-roots. The word was coined and the 
symbiotic association described nearly a century ago (5), but neither are 
widely understood even among botanists and foresters. This seemingly new 
phenomenon, however, dates back some 400 million years to the earliest known 
fossils of plant rooting structures. Indeed, land plants probably originated 
by a symbiosis between marine fungi and photosynthesizing algae (14). The 
roots of all but a few of today's plant families form mycorrhizae with 
symbiotic fungi. Woody plants in particular require mycorrhizal fungi for 
survival (9,15). Many herbaceous plants also depend on the fungus-root 
association, and most of those that do not, grow far better with the fungi 
than without (15). In turn, mycorrhizal fungi depend on their green plant 
hosts as a source of energy and growth regulators. 


The functions of both the fungus and the higher plant associates have 
been described in detail (8,9,15,23). Perhaps the foremost feature of 
mycorrhizae is the interchange of substances between fungus and host. The 
fungus grows from the root as a mycelial network that absorbs minerals, 
nitrogen, and water from the soil and transfers them to the host (Fig. 1). 

In effect, the fungus serves as a highly efficient extension of the host root 
System. Many of the fungi also produce growth regulators that induce pro- 
duction of new root tips by the host and increase the useful lifespan of those 
root tips. The host, in turn, provides photosynthetic products to the 
chlorophyll-lacking mycorrhizal fungi, which are generally not competent 
saprophytes. At the same time, the host produces biochemical defences that 
prevent mycorrhizal fungi from damaging the roots.  Mycorrhizal colonization, 
in fact, confers some resistance in the root to attack by pathogens. Some 
mycorrhizal fungi even produce compounds that prevent pathogens from approach- 
ing the root system. 


Bear in mind that these functions have evolved by aatural selection 
over millions of years. 


Because most nutrients required by vascular plants are absorbed from 
Soil via mycorrhizal fungi, the fungi clearly play a vital role in nutrient 
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cycling, productivity, and plant succession of ecosystems (23). Appreciation 
of this role by ecologists is only now developing but will hopefully expand 
rapidly. Knowledge of mycorrhizal functions is already being applied to 
improving success of reforestation programs and production of sporocarps of 
edible, mycorrhizal fungi such as truffles (22). 


Specialized types of mycorrhizae occur with particular groups of host 
plants. The orchids have a distinctive type, as do many members of the 
heath family (Ericaceae). Many other families, including most agronomic 
crops, form vesicular-arbuscular mycorrhizae with Phycomycetes in the family 
Endogonaceae, relatively primitive fungi that usually sporulate in the soil. 
The primary focus of this paper, however, is on the remaining types: ecto- 
mycorrhizae with two anatomical variants, ectendomycorrhizae and arbutoid 
mycorrhizae. For convenience, we will include all three in the term 
"ectomycorrhizae." 


Ectomycorrhizae differ from other mycorrhizal types in that (a) the 
fungus infects only the succulent root tips of woody plant hosts, (b) the 
root tips are mantled by fungal tissue (Figs. 1,2), and (c) the fungus 
penetrates between the outer cells of the root tips to form a network termed 
the Hartig net (Fig. 2). The hosts of ectomycorrhizae include the major 
forest trees of temperate and subtundral forests in both Northern and Southern 
Hemispheres. These include all the Pinaceae (pines, true firs, Douglas-fir, 
hemlocks, spruces, larches, etc.); Fagaceae (oaks, tanoaks, beeches, hazels, 
hornbeams, etc.); Betulaceae (birches, alders); Salicaceae (poplars, willows): 
Tiliaceae (basswoods); Arctostaphylos sp. (manzanitas); Arbutus spp. 
(madrones); Carya spp. (pecans); Eucalyptus spp. (eucalypts); and several 
other groups.  Fruiting bodies of the ectomycorrhizal fungi are typically 
epigeous (aboveground) mushrooms or hypogeous (belowground) truffles and 
false truffles (Figs. 3-10). 


The Ectomycorrhizal Fungi 


A stroll through a forest dominated by ectomycorrhizal trees during the 
peak of the mushroom season reveals an astounding variety of mushroom species. 
Most of the larger, fleshy mushrooms fruiting from the forest floor and from 
well rotted logs are fruiting bodies of ectomycorrhizal fungi. Many small 
species such as Inocybe spp. and the unseen but often abundant truffles and 
false truffles are also ectomycorrhizal. 


Thousands of fungal species are ectomycorrhizal including all or most 
Boletaceae, Hygrophoraceae, Gomphidiaceae, Russulaceae, Strobilomycetaceae, 
Cantharellaceae, and Hydnaceae. All or most species in certain genera of 
other families are also ectomycorrhizal (Amanita, Cortinarius, Hebeloma, 
Inocybe, Rozites, Armillaria, Laccaria, Tricholoma, Ramaria, Thelephora, 
Astraeus, Pisolithus, Scleroderma). Virtually all hypogeous fungi are 
likely ectomycorrhizal. Many fungi in other families and genera not listed 
above may be added as new data becomes available. We suspect, for example, 
that puffballs (Geastraceae and Lycoperdaceae), fleshy polypores (Polyporaceae), 
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and several groups of terrestrial cup fungi (Helvellaceae, Geopora spp., 
Sarcosphaera spp., and others) contain mycorrhizal species. 


Many ectomycorrhizal fungi associate with a wide range of host plants, 
e.g. Amanita muscaria, Boletus edulis, Hebeloma crustuliniforme, Laccaria 
laccata, Cantharellus cibarius, Thelephora terrestris. Others seem to be 
more restrictive. For example. Suillus spp. and Rhizopogon spp. mostly 
fruit only under conifers. Still others appear to be quite host specific: 
Suillus grevillei fruits only under larches, Larix spp.: S. Lakei only 
under Douglas-fir, Pseudotsuga menziesii; Lactarius obscuratus only 
under alders, Alnus spp.; Gomphidius vinicolor only under pines, Pinus spp. 
The true nature of "host specificity" is not clear. Can a host-specific 
fungus form mycorrhizae only with the host under which it fruits, or can it 
form mycorrhizae with many hosts but fruit only in association with certain 
ones? Perhaps the first option applies to some fungi and the segond to 
others, but good experimental data are needed before we can be suge. 


Epigeous and Hypogeous Fungi 


The fleshy ectomycorrhizal fungi segregate into two major groups linked 
in the flow of evolution: (a) the epigeous fungi, mushrooms and puffballs 
that discharge their spores to the air for dispersal (Figs. 3,4); and 
(b) the hypogeous fungi, truffles and false truffles that are dispersed by 
animal mycophagy (feeding on fungi) (Figs. 5-12). 


Structural differences between epigeous and hypogeous fungi relate to 
the mechanisms for spore dispersal. Thus, mushrooms have stems that elevate 
their spore-bearing surfaces into contact with air. Caps with gills, tubes, 
or other structures surmount the stem to increase the spore-bearing surface. 
Epigeous fungi have various mechanisms to discharge spores to the air. 
Puffballs discharge their spores in a particularly fascinating variety of 
Strategies. For example, Pisolithus tinctorius matures its spores as a 
powdery mass on the top of its fruiting body. These can be wafted away by 
a breeze in dry weather. Its spores are not easily wettable, and in wet 
weather the impact of a raindrop on the top of a ripe fruiting body forces 
up a cloud of spores. 


With few exceptions, fleshy epigeous fungi (Fig. 3) produce short-lived 
Sporocarps that emerge, discharge their spores, and senesce within days or 
a few weeks. They are adapted to moist conditions and rapidly take up 
water during expansion. The structures that permit rapid water uptake may 
also permit rapid water loss. If mushrooms are exposed to freezing or warm 
and dry weather, they quickly die. 
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Hypogeous fungi, on the other hand, are more economical in producing 
fruiting bodies (Figs. 5-10). They require neither stem nor cap to raise 
spores into the air. Their fruiting bodies are primarily devoted to pro- 
duction of spore-bearing tissue usually within an enclosing peridium or skin 
that keeps the spores together. In contrast to the generally short-lived 
epigeous fungi, hypogeous fungi mature relatively slowly--over weeks or 
months. They can afford to be leisurely, because the overlying moist soil 
and humus buffers them from vagaries of weather. Only extremely hot, dry 
winds or hard frost affect them. 


The slow pace typical of hypogeous fungi is characterized by early 
maturation of a few spores with successive maturation of more until all are 
mature. Spores are enclosed within the peridium in most species, so none 
escape from unexcavated fruiting bodies except by insects or other, minute 
animals that may feed on the tissue (3). Maturation of the spores is 
accompanied by chemical changes within the fruiting body. Immature specimens 
are odorless. As a few spores mature, sporocarps begin to produce an odor. 
Each species has a particular odor; it may be fruity, cheesy, spicy, 
garlicy, fishy, or foul. The odor intensifies as maturation progresses and 
often changes to a more penetrating character. Parks (13) attested to the 
aromatic strength of some species, which he could smell at a distance 
before digging them out. 


These odors are critical to spore dispersal, because they signal the 
location of fruiting bodies to animals that feed on them. Various flies 
and beetles lay eggs in truffles and false truffles (3); the larvae hatch 
and feed on the tissue and spores. Emerging adults may carry some spores in 
their guts or attached to body hairs. Far better documented, however, is the 
dispersal of hypogeous fungal spores by mammals. Many mammals, from shrews, 
mice, and squirrels to armadillos, opossums, wallabies, and deer are known 
to feed on hypogeous fungi (4,10). The common name of Elaphomyces granulatus 
(Fig. 7) is “stag truffle" because it is dug out by European deer. Rodents 
(Figs. 11,12) are particularly important consumers of hypogeous fungi (10). 


Most hypogeous fungi do not forcibly discharge spores. An animal digs 
up a sporocarp, eats it, and digests all tissues except the spores, which 
are concentrated in fecal pellets. Spores apparently retain viability during 
Passage through the animal's digestive tract (24). Expelled in fecal 
pellets, they are washed by rain or snowmelt into the soil, where they may 
contact newly forming host rootlets to initiate a mycorrhizal colony. 


A few hypogeous fungi combine aerial spore dispersal with the ingestion 
strategy. Geopora cooperi is avidly dug out and eaten by small mammals; 
but when bitten open, it can forcibly discharge its spores to the air (1). 
Because squirrels often carry hypogeous fungi up on a log, stump, or tree 
before eating, the discharged spores can be readily carried away by a breeze. 
Elaphomyces spp. have a thick peridium surrounding a powdery mass of dry 
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spores. We have fed Elaphomyces granulatus (Fig. 7) to a wild but friendly 
squirrel that carried it 5 meters up into a tree. There, the squirrel 
quickly ate the peridium but dropped the inner powdery spore mass, which 
was instantly blown away. 


Evolutionary Linkage of Epigeous to Hypogeous Fungi 


Many genera of hypogeous fungi are seen to be related to epigeous 
genera through intermediate forms (Table 1).  Mycologists agree that the 
linkage exists, but disagree on the direction of evolution: have hypogeous 
forms given rise to epigeous, or vice-versa? Strong arguments can be made 
either way, but past arguments have been based strictly on morphology of 
contemporary fungus species (the fossil record contains few fungal sporo- 
carps, which usually decay too fast for preservation). We propose a view 
based on ecological relationships as well as morphology. 


A variety of morphological characters link epigeous with hypogeous fungi. 
Thus the genus Cortinarious consists of fungi with stems, caps, and gills 
which forcibly discharge distinctive spores. In a few species, the stems are 
So small that the cap is rarely lifted out of the soil (19). These are dug 
out by rodents. The genus Thaxterogaster (Fig. 4) resembles Cortinarius 
in every respect except that, instead of an expanding cap with gills. that 
forcibly discharge spores, Thaxterogaster has a stem that is rarely long 
enough to raise the cap out of the humus. Its spores are distributed by 
animals or insects that eat the fruiting bodies.  Hymenogaster (Fig. 5) is 
a related, hypogeous genus that resembles Thaxterogaster, except that no stem 
and cap are produced. Instead, the fruiting body consists of a Cortinarius- 
like peridium that completely encloses spore-bearing chambers. It is 
totally below-ground and depends on feeding by animals for extensive spore 
dispersal. 


Whether Cortinarius has evolved through Thaxterogaster to Hymenogaster 
or vice-versa must be decided on mechanisms of species propagation and 
survival. Specialization and economy of energy are generally regarded as 
evidence of evolution.  Hypogeous fungi characteristically are more specialized 
and more economical than epigeous fungi.  Epigeous fungi form fruiting 
structures designed to lift spore-bearing surfaces into the air. A large 
portion of the biomass--stem and expanded cap--is dedicated to this purely 
physical requirement for random dispersal of spores, which may alight on 
bare stones, in meadows, on tree trunks, or other places where appropriate 
root tips are unavailable for mycorrhizal colonization. In contrast, hypo- 
geous fungi devote most of their biomass to spore-bearing tissues that are 
highly dependent on animals for spore dispersal. The system is not random: 
Animals that feed on the fruiting bodies excrete the spores on or in the 
Soil and are forest or forest-edge dwellers (10). Therefore, the spores are 
usually deposited where the fungi can colonize host tree roots. Not only is 
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this a more specialized and habitat-specific method of dispersal than random 
air movement, but it appears to be more energy efficient as well. The 
mycorrhizal host, is less drained of carbohydrates for sporulation of 
hypogeous fungi than of epigeous fungi, which use host energy to form the 
mushroom stipe and cap. 


The spore discharge mechanisms of epigeous fungi are elaborate and thus 
may seem a product of advanced evolution. Random spore dispersal of 
epigeous fungi, however, is relatively inefficient as compared to specific 
deposit of hypogeous fungal spores by small mammals. It is hard to conceive 
of epigeous forms evolving from hypogeous.  Forcible spore discharge below 
ground has no selective advantage. The spores are deposited where the 
originating colony already exists. In contrast, spores of hypogeous fungi 
are eaten by rodents that deposit the spores at sites likely to contain 
mycorrhizal host rootlets. Add to this the protective advantage of 
hypogeous fruiting against heat, drought, and frost, and the elegance of 
epigeous fruiting seems primitive. In this context, it can be surmised that 
extreme environments (near-desert and alpine zones) provide selection 
pressure for evolution of hypogeous fungi. In such areas, belowground 
fruiting might be a strong advantage. Any area, however, given enough time, 
might give rise to specialized hypogeous forms through natural selection. 
Thus in the Western United States, with its north-south mountain ranges, 
epigeous fungi would have had eons to evolve into hypogeous forms. Small 
mammals might have evolved simultaneously by dispersing in response to 
climatic changes. At the same time, evolution of hypogeous forms would have 
been promoted by the selective pressure of trends toward climatic extremes. 
In our experience and judging from the literature, Western North America 
has as great a diversity of hypogeous fungi as anywhere else in the world. 


Mycorrhizal fungi have co-evolved with their host plants. In the case 
of hypogeous fungi, co-evolution with animals has been additionally required 
for spore dispersal (21).  Rodents have evolved relatively recently and are 
the most avid eaters of hypogeous fungi in the Northern Hemisphere (10). 

The development of odor signals, slow maturation, and economy of structure 
related to highly specialized spore dispersal by animals may be viewed as 
recent advances beyond the random dispersal of spores by air. 


The Numbers of Hypogeous Fungi 


Truffles and false truffles are generally believed to be rare, a 
belief that stems largely from the relative difficulty of finding them rather 
than from a genuine rarity. Our extensive collecting on the West Coast leads 
us to believe that hypogeous sporocarps are as abundant as epigeous mycorrhizal 
fungi in many habitats, perhaps even more common in some. This also seems 
to be the case in other parts of the world where experienced collectors 
have worked, e.g. Hungary (16). 
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Albeit most of the world remains unexplored for hypogeous fungi, the 
numbers of described taxa are impressive. The Basidiomycetes include some 
30 hypogeous genera with more than 500 known species; the Ascomycetes have 
about 25 hypogeous genera with at least 350 known species.  Assiduous collect- 
ing in new areas and taxonomic research would easily push the total number 
of described species past a thousand. 


Mammalian Mycophagy 


The co-evolution of ectomycorrhizal host trees, hypogeous fungi, and 
mammals has had its impact on evolution of the mammals as well as the fungi. 
Forest-dwelling squirrels, mice, and voles exemplify small mammals that feed 
on hypogeous fungi whenever available, in many cases in preference to other 
foods (10). Contrary to popular belief, the fungi are nutritious (4). 

Fresh hypogeous fungi are generally more than 3/4 water by weight and meet 
an animal's needs for water as well as nourishment (D. Ure, unpublished data). 


A highly developed sense of smell enables mammals to locate hypogeous 
fungi. This capability is the foundation of the commercial truffle industry 
of Southern Europe, where trained dogs and pigs are used as truffle detectors. 
Small mammals are more adept than mycologists at finding hypogeous fungi; we 
have substantially extended the known distribution of "rare" hypogeous fungi 
by finding them in mammalian digestive tracts (20). The animals appear able 
to locate hypogeous sporocarps precisely and dig them out with minimal waste 
of effort. We have examined many diggings that were interrupted before the 
fruiting body was extracted. In every case, the hole was started at the 
point requiring least digging to reach the sporocarp and just large enough 
to extract it. 


Available data suggest little preference by mammals for one species of 
hypogeous fungi over another. The digestive tracts of sylvan squirrels, mice, 
and voles commonly contain at least three different species of hypogeous 
fungi during the peak of the fruiting season; and as many as 13 fungal species 
have been found in individual animals (10). The frequency of fungal species 
in digestive tracts of small mammals corresponds well to the frequencies of 
collection by mycologists (2). 


Many small mammal mycophagists eat other foods in addition to fungi, but 
some have evolved to specialize in hypogeous fungi. An excellent example is 
the California red-backed vole, Clethrionomys californicus (Fig. 11) (11). 

The coastal subspecies of this small, attractive mammal spends most of its 
time below ground. It lives almost exclusively on hypogeous fungi, apparent- 
ly tunneling from one fruiting body to another. Its skull and tooth structure 
are fragile, probably have evolved with a highly specialized diet of soft, 
hypogeous fungi. Its habitat, the coast and Coast Ranges of Northwestern 
California and Western Oregon, represents one of the few places in the world 
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where climate permits year-round fruiting of hypogeous fungi. During the 
infrequent times when hypogeous fungi are not available, the red-backed vole 
feeds on lichens (11). 


The northern flying squirrel, Glaucomys sabrinus, is another example of 
a small mammal that depends on hypogeous fungi for food, in this case a 
species that spends most of its life in tree crowns. McKeever's (12) data on 
stomach contents of northern flying squirrels led him to conclude: "During 
the winter months, when the snow cover was 2-5 feet deep, hair moss was the 
principal food of flying squirrels. With a decrease in snow cover in the 
spring, the squirrels consumed some fungi. In summer, their entire diet con- 
sisted of fungi. In the fall, the percentage of hair moss again increased 
but fungi constituted over half the diet. Absence of snow cover during the 
fall, with the exception of a brief period in November, left fungi readily 
available." Despite the availability of various seed crops in the three forest 
types of McKeever's study (Ponderosa pine, lodgepole pine, and mixed true 
firs), no seeds were found in the stomachs. Our unpublished data on northern 
flying squirrels from Oregon confirm McKeever's conclusions with differences 
only in the fungal fruiting season (McKeever's "hair moss" is fruticose 
lichens that grow in tree crowns). 


These insights on food habits lead to explanation of a formerly puzzling 
aspect of northern flying squirrel biology. Bobcats, Lynx rufus, and coyotes, 
Canis latrans, prey effectively on flying squirrels, yet to do so they must 
get the squirrels on the ground. When are "arboreal" squirrels on the ground? 
In this case, of course, they are on the ground to dig out their primary food, 
hypogeous fungi. 


In contrast to the California red-backed vole and the northern flying 
squirrel, most small mammals feed on hypogeous fungi when available but on a 
wide variety of other foods as well. In the case of mantled ground squirrels, 
Spermophilus lateralis, (Fig. 12) and chipmunks, Eutamias spp., Tevis (17) 
made an interesting observation: "Although the differences between feeding 
habits of squirrels and chipmunks are apparent whenever investigated in a 
single habitat, the differences within the chipmunks are less easy to detect. 
One generality, however, applied to all kinds studied: the larger the species 
the greater the proportion of fungi and the smaller the proportion of seed 
and insects in the diet.... The squirrel is larger than any chipmunk, E. 
townsendi and quadrimaculatus are next in size, speciosus is intermediate, and 
àmoenus is smallest. A single insect captured after a diligent search through 
litter or tiny seeds extracted from a pod might fill a significant portion of 
the stomach of an E. amoenus but would not begin to fulfill the needs of a 
squirrel. The latter could use the same period of time more profitably by 
cropping massive amounts of vegetation or by digging for hypogeous fungi, one 
of which might constitute a full meal. Also, a small animal can poke more 
efficiently into places where insects hide, and a large animal can be more 
effective in digging." 
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The fascinating relationship of small animal structure and behavior with 
the hypogeous fungi is exemplified in these cases. As new data are added to 
that already available (10), many more insights and interpretations can be 
made about the biology of animals and hypogeous fungi alike. The full 
picture, however, must also include the mycorrhizal hosts. 


Trees, Truffles, and Beasts 


An appreciation of interactions between tree roots, ectomycorrhizal 
hypogeous fungi, and small mammals can sharpen our understanding of succes- 
sion and functioning of forest ecosystems. The available data are too 
fragmentary for broad conclusions, but we can illustrate some of the 
interpretations now possible. 


Small mammal mycophagists that confine their life to established forests 
do not disperse hypogeous fungi into new habitats. They may maintain their 
food source, however, by repeated inoculation of hypogeous fungi on host 
plant roots. In our experience, the well-stocked, seral Douglas-fir forests 
of about 40 to 100 years in age typically support relatively few species of 
understory plants and mammals. They have, however, a high proportion of 
individual animals dependent on its diverse hypogeous fungal flora (10). 

We postulate that mycophagists predominate because hypogeous fungi predominate, 
and the hypogeous fungi thrive because of the inoculation activities of the 
mycophagists. As such forests age, habitat diversity increases with openings 
created by death of large trees and by successional progress to the climax 
Tsuga-Thuja or Abies forest.  Mammals less dependent on hypogeous fungi join 
the existing animal community, while mammals dependent upon hypogeous fungi 
become more localized.  Simultaneously, the hypogeous fungi become less 

common while epigeous mycorrhiza-formers and saprophytes increase. 


Animals that use latrines or defecate around their nests deposit massive 
spore loads. Parks (13) noted that hypogeous fungi fruited abundantly near 
nests of the woodrat, Neotoma sp. He stated that "the rotten wood and de- 
composed material that settles around them seems to create ideal conditions 
for growth of hypogeous fungi." While this may be true, we now know that 
these fungi are ectomycorrhizal and that woodrats feed on the sporocarps and 
defecate around nests. As ectomycorrhizal host trees grow roots into nest 
detritus or as rains wash spores into the soil, the new rootlets encounter 
concentrations of spores. 


The fine, mycorrhiza-bearing roots of vascular plants are exposed and 
often severed by tunneling and burrowing mammals.  Spore-containing feces may 
be excreted near these roots.  Severed roots form callose tissue from which 


new root tips often proliferate to provide ectomycorrhizal colonization sites 
for the fungi. 
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Invasion of clearcut, burned, or nonforested land by ectomycorrhizal 
trees can be helped by small mammals and hypogeous fungi. Many rodents, such 
as chipmunks, dwell at the forest edge or, as in the case of deer mice, 
Peromyscus maniculatus, thrive in any vegetation type. 


Townsend's chipmunk, Eutamias townsendi, eats conifer seeds and has often 
been regarded as a hindrance to reforestation. However, it avidly eats 
hypogeous fungi as well (10). These chipmunks occur in all forested areas of 
Western Oregon and travel relatively long distances in a short time, visiting 
clearcuts from old-growth timber (5). Moreover, they normally abound more in 
old-growth timber than in adjacent clearcuts after logging and burning. After 
a few years, they become more numerous within the clearcuts (6,7,18). During 
the early years following clearcutting, these chipmunks transfer mycorrhizal 
fungal spores from growing stands of timber into clearcuts. As the successional- 
stage vegetation gains hold, it provides cover as well as fruits, seeds, and 
other foods for the chipmunks, including hypogeous fungi. The chipmunks" pro- 
pensity for fungi and their movement between forests and clearcuts make them 
an important diurnal vector of hypogeous fungal spores in Western Oregon. 


Deer mice are in much the same category as feeders both on conifer seed 
and hypogeous fungi. As Tevis (17) wrote, "From the standpoint of forestry, 
the chief conclusion....is the impracticality of assigning each species of 
rodent an economic rating.  Interrelationships within the forest are too 
complex and changeable. A species that is harmful at one place or at one time 
may be beneficial nearby or later in the season or at the same time another 
year." 


Mazama pocket gophers, Thomomys mazama, are primarily associated with 
grassy areas and mountain meadows, often surrounded by forest, in the Cascade 
and Coast Ranges of Oregon. During snow-free months, they stay underground 
except for foraging; but during winter, they are active above ground under 
snow cover. Similarly, their fecal chambers are subterranean part of the 
year and often above-ground part of the year. Since these gophers eat 
hypogeous Basidiomycetes and Ascomycetes (10), the spores would accumulate 
within the fecal chambers. Even if an individual gopher ate few mature 
fungal sporocarps at any one time, the location-specific defecation would 
concentrate spores in a particular area. 


Lost Prairie, Linn County, Oregon, is a small, natural montane prairie. 
Conifers did not invade it until recently, even though it is largely 
surrounded by forest. They have done so only at a narrowed end of the prairie 
where T. mazama activity had become concentrated throughout the year. The 
gophers foraged both within the forest and the meadow.  Gophers eating the 
appropriate fungi in the forest, then moving into the meadow and defecating in 
their fecal chambers, could easily build up a localized spore concentration 
for mycorrhizal inoculation of conifer seedlings. 
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Heather voles, Phenacomys intermedius, are nonagressive and appear 
subordinate to other small mammals within an area. They are most abundant in 
marginal habitats and are frequently the first to invade severely disturbed 
areas. M. L. Johnson (personal communication) of the Puget Sound Museum of 
Natural History found heather voles to be the first small mammal to invade 
a mudflow on Mount Rainier, Washington. Because heather voles eat hypogeous 
fungi (10) and deposit great quantities of feces in particular places, they 
likely are an important subalpine and alpine spore vector, inoculating non- 
vegetated soils with quantities of hypogeous fungal spores. For example, 
Rhizopogon spp. fruit among roots of the outer, scattered Pinus contorta and 
subalpine fir, Abies lasiocarpa, seedlings and saplings on moraines of the 
receding Emmons Glacier at Mount Rainier (Trappe, unpublished data). Pole- 
sized stands established earlier on adjacent, older moraines sustain a 
flourishing population of Rhizopogon spp. as well as other hypogeous genera. 
Heather voles feeding on hypogeous fungi under established trees could ex- 
crete the spores in adjacent areas being invaded by conifers. The spore- 
containing fecal pellets would serve as mycorrhizal inoculum for seed of any 
suitable mycorrhizal host that germinated nearby. 


Conclusions 


Hypogeous fungi depend on their ectomycorrhizal host trees for photosyn- 
thates. The trees depend on the mycorrhizal fungi for nutrient absorption. 
The hypogeous fungi disperse their spores through feeding by animals, which 
are nourished by the fungi. The animals are instrumental in distributing the 
mycorrhizal fungi to new tree roots and at the same time depend on the trees 
for cover and reproductives sites. Disruption of any part of this inter- 
dependent triangle of organisms will inevitably affect the others. Improved 
understanding of these relationships can lead to improved approaches to 
Management of forest ecosystems. 
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TABLE 1. Evolutionary linkages between epigeous and hypogeous 
genera of fungi. 


EPIGEOUS INTERMEDIATE HYPOGEOUS 
Basidiomycetes 
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C Ba O e Badiigera 0 
Ascomycetes 

Helvella Helvella Hydnotrya, Fischerula 

psine  ithu——«_ ———— DulesM/cbE, nydsottyopsis- 

Aleuria I ie cannes Mo REL a Pe PautónsdrUL C 

MEA |. Gegen O expe, Cadionie — 
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LIST OF COLOR FIGURES 


Pine ectomycorrhizae in soil: the mycorrhizae, about 4 mm 

in diam., are forked and mantled by the mycorrhizal fungus, 
which grows out to permeate the soil. The black, cylindrical 
objects are rodent fecal pellets. 


Ectomycorrhiza in cross-section, x500, stained with safranin- 
fast green. The fungal tissue, stained green, covers the root 
surface and grows between the large, outer cells of the root 
to form a Hartig net. 


Russula paludosa, the fruiting body of an epigeous, ecto- 
mycorrhizal fungus. The stem and cap serve to expose the 
spore-bearing gills to the air. 


Thaxterogaster pingue, an intermediate form between epigeous 
Cortinarius spp. and hypogeous Hymenogaster spp. Scale in mm. 


Hymenogaster parksii, a hypogeous Basidiomycete related to the 
epigeous genus Cortinarius. 


Rhizopogon occidentalis, a hypogeous Basidiomycete. Young 
specimens are white throughout, older specimens are yellow on 
the surface and olive in the center. 


Elaphomyces muricatus, a hypogeous Ascomycete. The interior is 
cottony in youth but becomes filled with black, powdery spores 
at maturity.  Rodents eat the thick, outer tissue of the fungus 
but discard the spores, which are dispersed by wind. Scale in mm. 


Paurocotylis pila, a hypogeous Ascomycete. Scale in mm. 
Barssia oregonensis, a hypogeous Ascomycete. Scale in mm. 
Tuber sp., a hypogeous Ascomycete. Young specimens have a 


light yellowish gray interior which later darkens to blackish 
brown by maturing spores. Scale in mm. 


Spermophilus lateralis, mantled ground squirrel. 


Clethrionomys californicus, California red-backed vole with foot 
resting on a hypogeous fungus (Douglas Ure photo). 
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